In traditional capacitively coupled plasmas, the discharge can be described by an electrostatic model, in which the Poisson equation is employed to determine the electrostatic electric field. However, current plasma reactors are much larger and driven at a much higher frequency. If the excitation wavelength k in the plasma becomes comparable to the electrode radius, and the plasma skin depth d becomes comparable to the electrode spacing, the electromagnetic (EM) effects will become significant and compromise the plasma uniformity. In this regime, capacitive discharges have to be described by an EM model, i.e., the full set of Maxwell's equations should be solved to address the EM effects. This paper gives an overview of the theory, simulation and experiments that have recently been carried out to understand these effects, which cause major uniformity problems in plasma processing for microelectronics and flat panel display industries. Furthermore, some methods for improving the plasma uniformity are also described and compared.
I. INTRODUCTION
Radiofrequency (rf) capacitively coupled plasmas (CCPs) are widely used in dry etching of thin films and plasma enhanced chemical vapor deposition (PECVD) for the semiconductor equipment manufacturing and flat panel display industries. 1 In traditional capacitive discharges, the reactor is small (with typical dimensions of 200-300 mm in electrode diameter and 1-10 cm in electrode spacing) and usually driven at a conventional frequency, i.e., 13.56 MHz. Thus, traditional capacitive discharges typically operate in the electrostatic regime. [2] [3] [4] [5] This means that the electrical characteristics of the plasma are only governed by Poisson's equation.
Recently, however, as the wafer sizes are increased from 300 to 450 mm, and in order to process large (1 m Â 1 m) glass panels for active matrix LCD flat panel computer and TV screens, large-area CCP sources are urgently required. 6 Furthermore, these CCPs typically operate at a higher frequency, i.e., in the order of up to 200 MHz. This higher frequency not only produces a high plasma density, [7] [8] [9] and therefore high etching and deposition rates, but also gives rise to a reduced ion bombarding energy, 10, 11 which is required in the near future to process integrated circuits with smaller critical dimensions (gate widths) and to increase the reactor throughput. Moreover, a higher frequency also permits the addition of a second, low-frequency bias voltage, for additional flexibility. Indeed, the combination of a highfrequency and a low-frequency allows independent control of both the ion flux and the ion bombarding energy in CCP reactors. [12] [13] [14] Thus, increasing both the substrate size and the excitation frequency in large area capacitive reactors becomes a trend for current plasma processing. However, if the excitation wavelength k becomes comparable to the electrode radius and the plasma skin depth d becomes comparable to the electrode spacing, so-called electromagnetic (EM) wave propagation effects, such as the standing wave effect and the skin effect, can become the most important limitations for processing uniformity. 6, 9 In this regime, capacitive discharges cannot be described by a conventional electrostatic model.
Lieberman et al. 6 were the first to address EM effects in high frequency capacitive discharges by analytically solving the full set of Maxwell's equations. Three effects that lead to nonuniformity were identified.
(1) The standing wave effect: In a very high frequency (VHF) plasma reactor (i.e., frequency above 60 MHz), the source voltage applied to the rear of the electrode must excite a wave that propagates around the edges of a) Electronic mail: ynwang@dlut.edu.cn the electrode to enter the plasma. At this point, the resulting electric field is wave guided in the sheath at the surface of the electrode. For sufficiently short wavelengths and large substrates (i.e., under the condition when the wavelength is comparable to the substrate dimension), a constructive interference of the counterpropagating waves from the opposite sides of the electrode increases the amplitude of the electric field in the sheath at the center of the electrode, where the power deposition is thus enhanced. 15 When the standing wave effect is significant, the radial profile of the vertical electric field in cylindrical chamber can be roughly characterized by a zero-order Bessel function, E z (r) ¼ E 0 J 0 (kr), with the first zero at kr 1 ¼ 2.405, where E 0 is the electric field at the axis, k ¼ 2p/k is the wavenumber and k is the wavelength in plasma. If the first voltage node of the standing wave effect occurs at the electrode edge, i.e., kR ¼ 2.405, we obtain a driving frequency f ¼ 2.405c/ l2pR ¼ c/2.6lR, where l ¼ k/k 0 is the so-called wavelength reduction factor and k 0 is the vacuum wavelength. So, the condition for an evident standing wave effect is f ! c/2.6lR. If the wavelength reduction factor l ¼ 5, 16 and the electrode radius R ¼ 15 cm, we obtain the criterion f ! c/2.6lR % 154 MHz, for which the standing wave effect is significant. However, previous simulations and experimental results [15] [16] [17] [18] [19] showed that the wavelength reduction factor l is a strong function of the external parameters (chamber design, power, pressure, etc.). So, the above criterion only gives a theoretical reference. ( 2) The skin effect: At high electron density, when the plasma skin depth (d ¼ c/x pe , where c is the speed of light in vacuum and x pe is the electron plasma frequency) is comparable to the electrode spacing, the radial current at the electrodes induces an electric field in the plasma perpendicular to the reactor axis, resulting in a maximum power deposition near the plasma edges. 9, 17 So, the condition for an evident skin effect is d ¼ c/x pe d, where d is the electrode spacing. We then have n e ! e 0 mc , where e is elementary charge, e 0 is the vacuum permittivity, and m is the electron mass. If we assume d ¼ 3 cm, we obtain n e ! 5 Â 10 16 m
À3
, for which the skin effect is significant. (3) Edge effects: In VHF and large-scale capacitive discharges, not only an electrostatic edge effect exists, due to the enhancement of the edge electric field, but also an EM edge effect sometimes comes into play, due to the abrupt change of the permittivity at the radial plasma edge. 6 Both of them produce a maximum of the plasma density in the radial direction near the radial edge. 17 In general, the electrostatic edge effect enhances the peripheral plasma at low driving frequencies, when the standing wave effect is weak, and the electrostatic edge and skin effects can coexist, 9 if the plasma density is high enough, i.e., n e ! 5 Â 10 16 m
. As the driving frequency increases, the electrostatic edge effect will be gradually overtaken by the standing wave effect.
These effects have recently been investigated by analytical models, numerical models, and experiments (see below), and they show a strong dependence on various parameters. For example, in a typical PECVD capacitive discharge, where the electron density is moderate (order of 10 16 m À3 ), the standing wave and edge effects are dominant. On the other hand, in etching plasmas, the plasma density is typically higher (order of 10 17 m
), and thus, the skin effects typically will take over from the standing wave effect.
The purpose of this paper is to review the work that has recently been carried out to address the EM effects in highfrequency large-area capacitive discharges and to summarize the methods proposed for improving the plasma uniformity caused by these EM effects. The paper is organized as follows. In Sec. II, we briefly review several models that describe the EM effect in capacitive discharges, including analytical models and numerical simulations, and we also present some experimental investigations of the standing wave effect and the skin effect. In Sec. III, the methods proposed for improving the plasma uniformity are discussed. Finally, conclusions and outlook will be given in Secs. IV and V, respectively.
II. CHARACTERIZATION OF THE EM EFFECTS A. Theoretical analysis
The basic approach that should be considered to model the EM effects is naturally to solve Maxwell's equations in a typical reactor configuration. Lieberman et al. 6 considered an axisymmetric uniform slab model (perpendicular to the electrode plates), consisting of a homogeneous plasma and two symmetric vacuum sheaths, as schematically shown in Fig. 1 . The plasma slab is considered as a uniform dielectric with a relative permittivity,
where the plasma frequency x p ¼ (e 2 n e /e 0 m) 1=2 is independent of r and z, and m is the electron-neutral momentum transfer frequency. Considering the surface and evanescent waves propagating from the discharge edge into the center and assuming a transverse magnetic mode having only the magnetic field component H / $ e jxt , the corresponding components of the electric field, E z and E r , are determined from Maxwell's equations
1 r
Here, E z is the capacitive electric field (perpendicular to the discharge plates) and E r is the inductive field (parallel to the plates). Substituting E r and E z from Eqs. (2) and (3) into Eq. (4) yields the propagation equation for H / 1 j
where j ¼ j p ¼ const. in the bulk plasma (0 < z < z) and j ¼ 1 in the sheath (d < z < 1). After considering proper boundary conditions, the field components H / , E z , and E r in the bulk plasma and the sheath can be obtained by analytically solving Eq. (5). The authors found that the components of the electric field are radially and axially nonuniform due to the standing wave and skin effects, and in particular, the conditions for a uniform discharge without significant standing wave and skin effects were predicted to be k 0 ) 2.6(l/s)
, where k 0 is the free space wavelength of the excitation frequency, d ¼ c/x p is the collisionless skin depth, and l, s and R are defined in Fig. 1 .
Sansonnens et al. 20 extended this study to examine the influence of asymmetric electrode areas on the EM effects, but still assumed a uniform plasma slab with vacuum sheath region. They considered a cylindrical reactor with symmetric or asymmetric electrode areas, and they also solved Maxwell's equations analytically to obtain the spatial distribution of the EM fields. They found that the so-called telegraph effect 21, 22 is associated with the asymmetric electrode areas and is attributed to a redistribution of the rf current to maintain current continuity.
It is clear that the main EM effects, such as the standing wave and skin effects, can be identified by such an approach, based on an analytical solution of Maxwell's equations for a given, uniform plasma density n e and known uniform (and arbitrarily fixed) sheath width s m . However, the plasma density and sheath width should be determined by the particle and energy balance equations in the discharge, to be consistent with the EM field. Since the electric fields vary in the radial direction due to the standing wave effects, the plasma parameters, such as the electron density and sheath width, will also vary if they are determined by the radial local particle and energy balance. A self-consistent approach was therefore developed by Chabert et al. 
where Z 0 ¼ jx Á l 0 l=b is the series impedance per unit length of the electrodes, and Y 0 ¼ 1=ð2Z
p Þ is the parallel admittance per unit length of the sheath and the plasma. The parallel admittance per unit length is therefore the inverse of the sum of one bulk plasma impedance and two equal sheath impedances.
In this work, the particle and energy balance equations in the plasma slab were coupled to the transmission line model, to obtain the self-consistent characteristics of the standing wave effect. In particular, a self-consistent formula for the standing wave wavelength in the presence of a plasma was obtained
where k 0 is the wavelength in vacuum (no plasma between the electrodes), V 0 is the voltage magnitude at the discharge center (in volts), f is the frequency (in Hertz), and l is the electrode spacing (in m). Note that the shortening of the wavelength in the presence of plasma becomes worse as the frequency and/or the plate separation increases. The self-consistent transmission line model was found to be in fairly good agreement with experimental measurements of the ion flux nonuniformity at high pressure (around 200 mTorr) 9 and at moderate rf power (order of 50 W). However, the model did not include the induced electric field (E r ) contribution and was therefore restricted to a moderate electron density regime (order of 10 16 m -3 ), for which the skin effect is negligible (i.e., d ) d). Recently, the same authors derived a more elaborated transmission line model from the EM fields, which, coupled to the Child law and to the particle and energy balance equations, allows to find a self-consistent solution for the power deposition and the plasma parameters in the entire range of k and d of practical interest. 23 It has been shown in literature that capacitive discharges may be inductively sustained. To be specific, at low voltage, capacitive heating dominates (the so-called E mode) whereas at higher voltage, the inductive heating takes over (the so-called H mode), such that the discharge experiences an E-to-H transition upon increasing voltage. However, in Ref. 23 , the authors only treated the lowpressure limit, where the electron density radial profile is determined by nonlinear diffusion with constant ionization and the radial electron density profile [see Eq. (9)] is assumed based on the low pressure diffusion solution given by Godyak
However, in Ref. 25 , Chabert et al. extended their study to the high-pressure limit, where the power deposition is local, such that the profiles of the plasma parameters, such as the electron density and temperature, follow the electric field profile. Their calculation results show that as the rf voltage increases, the plasma shows a spatial E to H transition, with the center of the discharge being in the E mode, while the edges are in the H mode. In other words, the electron density profile changes from a typical standing wave effect dominated case at moderate density (i.e., 1.5 Â 10 17 m
À3
) to a skin effect dominated profile at higher density (above 10 18 m
). This phenomenon was also experimentally observed by Perret et al. 9 using the matrix of a planar probe to monitor the ion flux cartography.
Although the EM effects have been, to some extent, satisfactorily modeled by analytical theories, due to the great complexity of industrial reactor geometries, analytical theories are not sufficient to quantitatively predict the relative importance of the three effects mentioned in the Introduction. Moreover, the effect of complex gas mixtures, which may imply a large fraction of negative ions in the plasma, has not been seriously considered by analytical models up to now. To solve these issues, numerical simulations are needed for a better understanding of industrial plasma systems.
B. Numerical simulations
The results obtained by the analytical theories mentioned above clearly show the importance of the wave propagation phenomena in large area capacitive reactors. Therefore, selfconsistent plasma simulations (either based on the fluid or particle-in-cell approach) which use the quasistatic Poisson equation approximation to determine the electric field are not sufficient for large area high frequency capacitive reactor modeling, and there is a clear need to develop fluid models with a full EM treatment. In the following, we will present the numerical simulation efforts that have been recently performed to address the EM effects in large-area high-frequency capacitive discharges.
Several years ago, Lee et al. 17 developed a self-consistent fluid simulation coupled with Maxwell's equations to examine the EM effects and the consequent plasma nonuniformity in capacitive discharges. They simulated single-frequency CCP discharges using a two-dimensional (2D) finite element method, which solved the coupled Maxwell's equations (in the frequency domain), the fluid plasma equations (in the time domain) and a sheath model. To simplify the bulk plasma model, the plasma was assumed to be ambipolar and quasineutral (C e ¼ C i ¼ C and n e % n i ¼ n), eliminating the need to solve the Poisson equation. A one-dimensional (1D) analytic collisional sheath model was employed to determine the sheath parameters and to incorporate stochastic heating effects into the electron power deposition. In this work, the authors presented some representative results for conditions where the EM effects, such as the standing wave and skin effects, are important, and the coupling of the EM effects and the electrostatic edge effects were also discussed. The self-consistently calculated radial plasma density profiles (see Fig. 3 ) were in good agreement with recent experimental data. 9 In particular, at 200 MHz and 150 mTorr, the authors observed a multiple voltage nodes structure of the standing wave effect, as is shown in Fig. 3 . The profile shifts from a typical standing wave effect-dominated case at moderate density (n e0 ¼ 1.9 Â 10 17 m
À3
) to a skin effectdominated profile at higher density (n e0 ¼ 6.8 Â 10 17 m
), coupled with the edge effect. It should be noted that this fluid model showed similar results as previously obtained by the transmission line model of the standing wave and skin effects, 25 although the edge effects were neglected and purely radially local power deposition and collisionless sheaths were assumed in Ref. 25 .
At the same time, Rauf et al. 26 developed a 2D fluid model coupled with Maxwell's equations to understand the physics of VHF CCPs. Instead of solving Maxwell's equations in a complete form, they used the electric scalar potential / and magnetic vector potential A to represent the fields, which helps to simplify the computational solution. Their results show that the plasma spatial profile is influenced by both electrostatic and EM effects (see Fig. 4 ). And the relative importance of EM and electrostatic effects was found to be a function of the rf source power, the interelectrode gap and the plasma electronegativity (or gas mixture). Especially, the authors found that the peak of the electron density shifted toward the edges of the electrodes with increasing SF 6 and CF 4 fraction from 0 to 30%, and the outward shift of the maximum in the electron density in the Ar/ SF 6 plasma is more intense due to the higher electronegativity of SF 6 compared with CF 4 . This observation is important, because in practical processing plasmas, gas mixtures with complex chemical properties are always employed and these plasmas are generally electronegative. The EM effects, especially the standing wave effect, in electronegative plasmas are therefore worth studying for their importance in practical use and thus more attention should be paid to these electronegative plasmas. The impact of the electronegativity on the EM effects can be explained by the change in spatial dependence of the conductivity with the addition of the electronegative gases.
A similar model was developed by Zhang et al. 27 to simulate the EM wave effect and its influence on the plasma uniformity in VHF capacitive discharges. They found that at 13.56 MHz, the plasma density exhibits a peak at the edge, which is caused by the electrostatic edge effect, due to the locally enhanced electrostatic field. As the frequency rises to 100 MHz, the standing wave effect becomes pronounced, and it is finally taken over by the skin effect at 200 MHz.
Yang and Kushner 15 improved the model of Rauf et al., 26 and solved the full-wave Maxwell's equations, and its solution was integrated into the plasma hydrodynamics modules of the 2D Hybrid Plasma Equipment Model. 2 This enables to simulate the inductive effects that result from wave penetration at high frequency into the plasma, as well as the standing wave effects, in addition to the electrostatic effects. Under this condition, the EM fields are considered to be generated by waves launched into the reactor from the cable attached to the power supply which acts as an antenna, while the electrostatic fields are produced by spatial charges. With this model, the authors predicted the transition of the electron density radial profile from edge high to center high with increasing frequency, which is clearly due to the standing wave effect. This transition was analyzed in detail in Ref. 15 . Furthermore, an extended investigation was carried out in Ref. 28 , where the effects of the operating parameters (i.e., pressure, power and gas mixture) on the plasma properties in DF (dual frequency)-CCP reactors were discussed. Considering the electronegativity effects, it is worth mentioning that with the increase of the CF 4 fraction, there is an obvious decrease in the peak electron density, as is clear from Fig. 5 , and in particular, an evident shift toward the electrode edge (i.e., the uniformity is becoming slightly better). This is due, in part, to the fact that the plasma-induced wavelength increases with decreasing electron density or increasing electronegativity, making the plasma more electrostatic. On the other hand, the decreasing electron density leads to an increase in the skin depth, which contributes to more bulk electron heating and so it improves the overall uniformity of the plasma. In addition, the ion densities (Ar þ and CF þ 3 ) and their fluxes toward the wafer follow the behavior of the electrons, i.e., at a high CF 4 fraction, the radial uniformity tends to be improved.
In order to investigate the strategies for improving the chamber design, Chen et al. 29 applied the finite-difference time-domain method 30 to model the rf wave behavior in a cylindrical plasma etch chamber including the rf power delivery subsystem, rf feed, electrodes, and the plasma domain as an integrated system. With this method, they explored various EM wave effects and the impact of the rf feed structure on the processing uniformity. This model was later on improved to include the nonlinear plasma dynamics in a fully self-consistent way. 31 Such a 3D self-consistent EM model for CCPs could provide a complete understanding of the EM wave effects in a large-area rectangular plasma reactor having enough resemblance to real-world industrial plasma chambers. In their results, various higher-order electromagnetic modes of the EM fields can be excited in a large-area rectangular reactor upon increasing the driving frequency or rf power. The higher-order electromagnetic modes can create not only a center-high plasma distribution but also a high plasma density at the corners and along the edges of the reactor.
It should be noted that the aforementioned studies on understanding the EM wave effects in large-area high-frequency CCP reactors are mostly focused on the fundamental excitation frequency, its standing wave effect in the reactor, and the corresponding influence on the plasma uniformity. However, analyzing the standing wave effects at the fundamental excitation frequency does not explain the observation of a sharp center-peaked profile in semiconductor processing reactors with wafer radius of $10 cm driven at 60 MHz. 32 For this purpose, a high-resolution fluid model coupled with plasma-EM wave governing equations was developed by Upadhyay et al. 32, 33 The computational meshes (in space and time) were very small, providing adequate spatiotemporal resolution to resolve the higher harmonic EM wave contents and to investigate the effect of the higher harmonics of the EM field on the plasma density radial profiles. The calculated spatial profile of the plasma density showed a qualitative agreement with the experimental observation of a sharp center-peaked electron density profile, and especially, the frequency spectrum of the axial electric field obtained from its fast Fourier transform, is very likely a reproduction of the phenomena experimentally observed by Miller et al. 34 The sharp center-peaked profile is believed to be highly correlated with the higher harmonics, as is shown in Fig. 6 . However, how the higher harmonics evolve from the fundamental excitation frequency is still not clear.
To conclude, it is evident that in the past few years, a considerable progress has been made to improve the fluid models used to simulate the EM effects in complex process chambers. For example, more simplified fluid models based on solving Poisson's equation 17 are replaced by complete fluid equations, 26 and simplified calculations of the EM fields based on the electric scalar potential and magnetic vector potential to represent the fields 26 are replaced by solving the full-wave Maxwell's equations, 15 and the EM fields are considered to be generated by waves launched into the reactor from the location of rf connection. Moreover, simple parallel plate chambers with simple rf power feeding pattern are replaced by geometries, which highly resemble realword process chambers, as described in Ref. 15. Up to now, the EM effects in high frequency large area capacitive discharges have been primarily described by pure fluid models coupled with full-wave Maxwell equations, or integrated into a hybrid model. 15, 28 Most of these studies focus on the spatial profile of the electric field dominated by the EM effects and its influence on the plasma spatial uniformity, but the underlying physics, i.e., the electron heating mechanisms, related to the EM effects, have not been investigated in so much detail. To better address these issues, the calculation of the two-or three-dimensional EM fields should be coupled to particle in cell simulations in the future, so that plasma kinetic effects could also be included.
C. Experimental diagnostics
Experimental diagnostics are crucial to directly analyze the EM effects in real-world plasma processing reactors and to verify the reliability of the proposed analytical and numerical models. A standing wave effect was already observed in experiments by Perret et al., 9 by measuring the nonuniformity of the ion flux toward the electrode in a large-area square (40 cmÂ 40 cm) capacitive discharge, sustained in argon at 150 mTorr and driven at frequencies between 13.56 and 81.36 MHz. As shown in Fig. 7 , center-peaked ion fluxes are observed at 60 MHz and become pronounced at 81.36 MHz, due to the standing wave effect. On the other hand, at higher power (170-265 W) and higher plasma densities, the skin depth for the electric field penetration becomes proportional to the electrode spacing. At that point, electrode-edgepeaked ion fluxes are observed due to the skin effect or due to a contribution from the electrostatic edge effects, which yield the highest power at this location.
Perret et al. 10 later measured the ion energy distribution functions, by means of three retarding field energy analyzers, at the center, the side and the corner of the electrodes in the same discharge reactor at 81.36 MHz and 15 mTorr. Their most important observation was that the peak (around 35 V) is independent of the location of the analyzer, which means that the ion energy is uniform, even though the rf voltage and the ion flux are strongly nonuniform, as observed from the probe measurements. 9 The authors deduced that this uniform ion energy across the reactor was attributed to the dc current flowing in the radial direction in the plasma and in the electrodes. This assumption was later confirmed by Howling et al. 35 through measuring the dc current toward the surface of the grounded electrode. Meanwhile, Howling et al. pointed out that when a dielectric substrate is placed on the electrode, the dc current cannot flow in the radial direction in the electrode and therefore the ion energy will not be uniform.
Hebner et al. 36 experimentally investigated the characteristics of a dual-frequency, capacitively coupled, 300 mmwafer plasma processing system, operating in argon and driven over a wide range of frequencies between 10 and 190 MHz. In particular, they found that the radial distribution of the ion saturation current from a probe changed from uniform to center peaked, at rising excitation frequency. This was explained by a drop in the wavelength with increasing frequency, due to the standing wave effect.
A more direct evidence of the standing wave effect was presented by Barnat et al. 37 by measuring the radial profile of the peak voltage drop across a sheath between a 300 mm electrode and an argon plasma. The voltage drop across the sheath was derived by the integration of the electric field within the sheath, which was measured by using laserinduced fluorescence-dip spectroscopy. 38 As illustrated in Fig. 8 , at a lower frequency of 13.56 MHz, the voltage drop across the sheath was uniform across the 300 mm electrode, while at higher frequencies of 60 and 162 MHz, the voltage drop becomes radially nonuniform. Especially in the 162 MHz case, the authors could not detect the electric fields near the edge of the electrode, where the potential drop across the sheath was expected to be quite small. Higher harmonic phenomena were observed by Miller et al., 34 by measuring the magnetic field in the same plasma reactor as in Ref. 36 , by means of a B-dot probe. The magnetic field was measured at different spatial positions and frequencies. By means of fast Fourier transform of the B-dot signals, the authors presented up to the 10th harmonics of the EM wave for various fundamental excitation frequencies, i.e., 13.56, 60, and 176 MHz. The authors attributed the existence of the higher harmonics to the complex interactions between the external circuit driving the reactor and the nonlinear sheaths. A similar phenomenon was actually later observed in the high-resolution computational model presented in Refs. 32 and 33, showing the existence of higher harmonics of the axial electric field (see also above). These higher harmonics were believed to be highly correlated with the sharp center-peaked electron density profile. 32 Because transmission line theory 25 and self-consistent fluid simulations 17 have previously predicted the multiple-node structure of the standing wave effect, some experiments have been performed at this high frequency ($200 MHz), 34, 36 but no experiment was able to confirm these theories and simulation predictions. Indeed, the plasma parameters always seemed to monotonously decrease with radial distance. Very recently, however, Liu et al. 18 observed the multiple-node structure of the standing wave effect, and examined the relation between the rf power and the standing-wave wavelength (see Fig. 9 ). They also found that the plasma density exhibits a peak at the electrode edge, which is believed to be the EM wave attenuation effect. Hence, these measurements confirmed the previous results obtained by theory and simulation. 18, 25 In general, we can conclude that the EM effects, predicted by theory and simulation, have been confirmed by experiments, most of which are based on measuring the ion flux toward the electrode, the emission intensity (spatially integrated along the interelectrode spacing) and the radial profile of the plasma density (by using an electrostatic probe). Although these quantities are derived from the spatial profiles of the EM fields, and therefore give some insight in the EM effects, a more desirable method to better understand the EM effects would be to directly measure the electric and magnetic fields, which determine the local power deposition profile and consequently the plasma density spatial profiles. To the best of our knowledge, such experiments have not been reported yet. A B-dot probe was employed by Ahn and Chang 39 to measure the inductive electric field (i.e., time-varying magnetic field), but this experiment was performed in a small plasma chamber (14 cm in electrode diameter) and the driving frequency was not high enough (<90 MHz) for the standing wave and skin effects to become significant. Nevertheless, we believe that measurements based on these new diagnostic tools (e. g., a B-dot probe), as well as a combination of several diagnostics, will help to improve our understanding of the EM effects in large area and high frequency capacitive discharges.
III. METHODS FOR SUPPRESSING THE EM EFFECTS
Because of the current trend of increasing both the substrate size and the driving frequency, the plasma nonuniformity caused by the EM effects, especially the standing wave effect, has become a severe problem in practice, which would restrict the use of large-area, high-frequency plasma reactors for material processing. In order to improve the plasma uniformity, some methods have been proposed during the last decade to suppress these EM effects. These methods can be grouped into two categories, i.e., control by shaped electrodes or by the rf source parameters. A detailed A. Control by shaped electrodes
Gaussian shaped electrode
A shaped electrode with a dielectric lens has been proposed by Sansonnens and Schmitt 40 to suppress the standing wave effect [see Fig. 10(b) ]. The required shape of the electrode (a Gaussian shape) was determined from a solution of Maxwell's equations in vacuum; however, the authors postulated that the presence of plasma would not significantly modify the required shape, as long as the plasma density and the plasma resistivity were not too high, i.e., when the skin depth remained large compared to the plasma thickness. The Gaussian shape of the electrode, as shown in Fig. 10(b) , can be described by the following equation for k 0 d ( 1:
where k 0 is the wave number in vacuum, d is the interelectrode gap, and a 0 corresponds to the electrode gap on-axis. The postulation that the shape calculated for the vacuum case remains valid in the presence of a plasma has recently been proven theoretically by Chabert et al. 41 using an equivalent circuit model. In their work, after considering the presence of plasma, the calculated shape of the electrode was identical to Eq. Measurements of the nonuniform ion flux on the electrode, performed by Schmidt et al. 16 in a 1 m-diameter cylindrical reactor at 67.8 MHz have proven that this lens solution is effective for suppressing the radial standing wave nonuniformity for a wide range of plasma parameters. Figure 11 illustrates the standing wave effect on the ion flux when using parallel electrodes (see top curves), whereas a uniform ion flux is obtained when using the Gaussian electrode with lens (see bottom curves).
The Gaussian-shaped electrode proposed by Sansonnens and Schmitt 40 later proved to be only valid for reactors with cylindrical symmetry, i.e., reactors with a central rf feed connection. However, most of the large area PECVD or etching applications are performed on rectangular substrates and therefore they require large area rectangular reactors, for which the shaped electrode technique still has to be improved. Sansonnens 42 has developed a numerical method, based on a 2D quasiplanar circuit model, to calculate the electrode shape that can suppress the EM standing wave nonuniformity in the case of rectangular reactors. In particular, it was shown that the electrode shape in rectangular reactors depends not only on the reactor dimensions and excitation frequency, but also on the number and position of the rf connections on the electrodes. Experiments indeed demonstrated that the shaped electrode profile calculated with this numerical method is effective in removing the nonuniformity due to the standing wave effect in large area rectangular capacitive rf plasma reactors. 43 The lens-shaped electrode appears to be promising for suppressing nonuniformities in the context of moderate electron densities (order of 10 16 m
À3
), e.g., in PECVD applications. However, this correction will not be effective enough at higher plasma densities (e.g., in etching plasmas), for which skin effects become significant. In addition, there are two major shortcomings that should be mentioned when the plasma is present: (1) lens is much larger than in the vacuum case, which could cause some problems if vacuum is used as the dielectric lens (e.g., a parasitic plasma may be struck in this region). (2) The calculated electrode profile has to be accurately machined; otherwise, a deviation from the ideal Gaussian profile would have a major influence on the plasma uniformity. Also, the calculated shape of the electrode is strongly frequency dependent, and thus, it will become invalid when a low frequency source is introduced.
Stepped electrode
In order to avoid the complex mechanical processing, which is needed for a lens-shaped electrode, a stepped electrode was proposed to suppress the standing wave effect (see Fig. 12 ). 44 Although the shape of the stepped electrode is not determined by a rigorous calculation, this type of shaped top electrode proved to considerably improve the etch rate uniformity, albeit in a narrow process parameter range. In practical plasma processing, the depth and diameter of the groove in stepped electrodes could be adjusted to achieve maximum uniformity.
Multielectrode
The plasma nonuniformity is actually caused by a large gradient of power deposition along the radius due to EM effects. Based on this, a multielectrode concept, 45 i.e., a system with two concentric electrodes, powered separately by two rf sources, as shown in Fig. 13 , was proposed to control the power deposition at different electrode segments by separately adjusting the powers fed on the center and the side electrode. Hence, the nonuniform radial power deposition caused by the EM effects can be compensated and an optimal uniformity is obtained. The test results showed that when the powers applied to the center and side electrodes are close to each other, one can obtain the best uniformity within almost 3.5%. In practice, the ratio of the areas of the center segment to the side segment could be flexibly adjusted to achieve maximum uniformity.
Graded conductivity and segmented electrodes
To overcome the nonuniformity caused by the standing wave effect in real-world plasma etch chambers, Yang and Kushner 46 demonstrated by means of model computations that using graded conductivity electrodes (GCEs) can improve the plasma uniformity in a DF-CCP reactor. GCEs consist of a metal electrode covered by a dielectric, which is in direct contact with the plasma, as is shown in Fig. 14. The conductivity of the dielectric decreases from edge to center. Hence, as the HF wave propagates inwards from the edge of the electrode, the penetration of the high-frequency field into the dielectric increases due to the decreasing conductivity. This leaves a smaller fraction of the potential to be dropped across the sheath. The latter counteracts the enhancement of the HF electric field at the center of the reactor due to the standing wave effect, and thereby increases the uniformity of the HF field.
Another method that might be used to suppress the EM wave effects in 450 mm reactors is segmenting the HF electrode in order to equilibrate the distance from the rf feeds to the plasma sheath, see Fig. 15 . 47 In doing so, the uniformity of plasma excitation with finite wavelengths can be improved. The reason for improving the uniformity is twofold: (1) By separately powering the segments in the same phase, the HF wave still propagates from the outmost edge of the electrode segment toward the center of the reactor. However, the uniformity of the HF field is improved as the distance from the rf feeds to the plasma sheath is nearly equal. (2) The ratio of the unpowered area (due to the spacing between segments) to the powered area is the largest at small radii, which decreases the fraction of the total power dissipated near the center of the reactor.
However, the phase of the segments could also be tuned to control the uniformity. Chen and coworkers 48 used a selfconsistent 3D electromagnetic plasma model 31 to study the effect of segmenting the large-area electrode in improving the plasma uniformity for VHF sources. In their model, the powered large-area electrode of 2.4 Â 2.8 m 2 is divided into an array of 3 Â 3 subelectrodes of 0.55 Â 0.70 m 2 . Each subelectrode is fed separately at 60 MHz, and the neighboring subelectrodes are fed 180 out of phase. The modeling results show that in comparison with the strong standing wave pattern shown in their previous work, 31 the electron density across the reactor is much more uniform and the standing wave effect is essentially eliminated.
B. Control by the power source parameters
Although the electrodes with special shape can improve the plasma uniformity, in practice, these special-shaped electrodes induce a serious complication for machining the reactor. Therefore, alternative methods should be considered for improving the plasma uniformity in VHF-CCP reactors, which do not require major changes in the reactor construction, but rather allow to control the uniformity by varying some adjustable external parameters. In the following, we will present some methods which fall under this category.
Phase shift control
In parallel plate capacitive discharges, the top and bottom electrodes can be separately powered by two identicalfrequency power supplies or by one power supply with adjustable phase difference between the voltages applied on the two electrodes, so that the uniformity can be flexibly controlled by adjusting the phase shift between the two source voltages. Bera et al. 49 used a 2D fluid model including the full set of Maxwell equations to examine the plasma uniformity by phase shift modulation. They found that at a phase angle u ¼ 0, the plasma reaches a maximum at the edge. At u ¼ p, i.e., out of phase condition, a more uniform plasma density distribution can be achieved. Xu et al. 50 compared the phase shift effect on the uniformity between an electrostatic and an EM case by using a similar 2D fluid model, including the full set of Maxwell equations; see Fig. 16 for an illustration of the electrode configuration. In the electrostatic case (13.56 MHz), the variation of the uniformity with phase angle showed a similar trend as in the results of Ref. 49 . However, in the EM case (100 MHz), the situation is more complicated due to the standing wave effect, and the radial profiles showed the best uniformity at some phase-shift value between 0 and p, depending on other external parameters. [51] [52] [53] The underlying physics for phase shift control, regardless of the electrostatic or EM cases, can be understood as follows: the phase shift between the top and bottom electrodes mainly affects the spatial distributions of the plasma currents, which correspond to the spatial distributions of the electron density. A schematic of the current flow in the inphase and out-phase cases is shown in Fig. 17 . In the inphase case [u ¼ 0, see Fig. 17(a) ], the voltage drop between the electrodes is very small. The currents flowing from the electrode to the wall are larger than to the opposite electrode, so the plasma mainly concentrates at the edge region. In the reverse-phase case [u ¼ p, see Fig. 17(b) ], the voltage drop between the top and bottom electrodes is maximal and is higher than the voltage difference between any electrode and the grounded sidewall. This high voltage difference considerably enhances the current in the interelectrode space, where the plasma density is increased. Therefore, in the inphase case, the electron density is lowest in the interelectrode space, whereas in the reverse phase case, it is highest in the interelectrode space. In real plasma etch or deposition reactors, the phase shift control of the plasma uniformity is affected by many factors and is not exactly the same as predicted by simulations, due to the more complicated chamber geometries. The radial profiles of the plasma-emission intensity were measured by using an optical probe in a VHF-CCP triode reactor in a typical process gas mixture (i.e., Ar/O 2 /CHF 3 /C 4 F 6 /C 4 F 8 ) as a function of the phase shift between the two voltages applied to the top and bottom electrodes at 100 MHz frequency (see Fig. 18 ). 54 It was shown that the plasma is less uniform at a phase shift u ¼ 0 (in-phase) and most uniform at about u ¼ p (reverse phase). The uniformity was gradually improved upon increasing the phase shift between 0 and p. These observations are quite consistent with the simulation results in Refs. [49] [50] [51] [52] [53] . Note that the experiments in Ref. 54 were carried out under a narrow range of process conditions (single gas pressure, fixed top and bottom VHF powers). However, the question arises whether the phase-shift control is effective under other process conditions as well, e.g., at different pressures and powers, especially under conditions adopted in practice for industrial applications. Therefore, an extended study was carried out in an industrial-type VHF-CCP reactor with a typical processing gas mixture (C 4 F 8 /O 2 / Ar) in a wide range of pressures and powers. 55, 56 It was shown that the phase shift corresponding to the best uniformity is strongly parameter dependent, and more importantly, the phase-shift control can considerably improve the plasma uniformity under a wide range of experimental conditions, and thus, it can be useful in industrial applications.
The phase shift control method has already been adopted by Mitsubishi Heavy Industries to improve the uniformity in a plasma process chamber with a ladder-shaped electrode. 57 Two VHF powers, between which the phase difference u can be adjusted, are applied to a ladder-shaped electrode through multiple feeding points located at symmetrical positions of the electrode; see Fig. 19 . Different from the above method, where the phase difference was fixed in one experiment, here the phase modulation method is applied by continuously alternating the phase difference from 0 to p at a frequency of 10 kHz. By using this method, one could obtain a plasma emission uniformity within 615% at 60 MHz for a substrate size of 1.4 Â 1.1 m, with nitrogen gas of 10 Pa.
External circuit control
The external rf circuit has a significant influence on the plasma characteristics. Controlling the uniformity of VHF CCPs using external circuits is therefore a promising approach. In the early days, controlling the plasma uniformity using an external circuit was demonstrated experimentally at 13.56 MHz in the capacitively coupled Gaseous Electronics Conference reference cell by Sobolewski and Steffens. 58, 59 Recently, Bera et al. 60 developed a 2D fluid model with external circuit to study the effects of the external circuit in controlling the VHF (60 MHz) CCP spatial profile. Plasma simulations were performed for several combinations of capacitors and inductors, and their connections to the different electrodes of the CCP reactor. It was found that the external circuit can be used to change the rf current return path, thereby modifying the plasma profile. In general, the plasma is pulled toward the electrode with an inductive impedance inserted between the top electrode and grounded electrode, and it is pushed away from the electrode with a capacitive impedance. These changes in plasma profile are related to the relative voltage and their phase on the different electrodes. Note that in the model of Bera et al., the Poisson equation was solved to capture the electrodynamics; hence, EM effects were not taken into account. Nevertheless, we believe that this method could be effective to control the plasma uniformity, also when EM effects are important.
Rauf et al. 61 developed an EM plasma model, which includes the full set of the Maxwell equations for an asymmetric VHF CCP to understand the effect of the external rf distributed circuit on the plasma spatial profile. In their calculation configuration, the top electrode was driven by a 150 MHz VHF source, a shorted transmission line was connected to the bottom electrode, and the chamber walls were separated from the electrodes through dielectric rings (see Fig. 20 ). Under typical conditions, the electron density shows its peak in the center of the plasma chamber due to the standing wave effect, and the rf current from the top electrode primarily returns through the bottom electrode. When the physical length of the line or the permittivity of the dielectric filling of the transmission line was adjusted, such that it presents a large impedance (open-circuit condition) at the plasma chamber interface, the rf return current shifts from the bottom electrode to the chamber wall. As a result, the electron density peak also moves from the center toward the electrode edge. Therefore, the best uniformity could be obtained by determining the proper electrical length of the bottom transmission line.
Multiple VHF sources control
In the phase shift control method mentioned above, the frequency of the two VHF sources connected to the two electrodes is identical. In addition, Bera et al. 62 indicated that multiple VHF sources at different frequencies can also control the plasma spatial profile, specifically when the plasma distributions at the individual frequencies are different. However, the underlying physics for the two cases is quite different. In the case of two identical frequencies, the uniformity is controlled by the change of the current path between the electrode-electrode and the electrode-wall at different phase angles, which is an electrostatic effect. On the other hand, in the case of two different frequencies, it is a combination of electrostatic and EM effects. This can be understood from the simulation results of Ref. 62 . In these simulations, the full set of Maxwell equations is coupled with a 2D plasma model to determine the spatial profile of the electric field and thus of the power deposition. Two VHF sources (60 and 180 MHz) were simultaneously used to excite the plasma. The simulations showed that the electron density peaks at the center of the chamber at a single frequency of 180 MHz due to the standing wave effect, while it peaks at the edges at a single frequency of 60 MHz due to the electrostatic effects. When the two rf sources are used simultaneously, and the power at 60 MHz is gradually increased, the ion flux first becomes uniform and then it changes to a peak at the electrode edge, as shown in Fig. 21 . These results are confirmed by Langmuir probe measurements of the ion saturation current (not shown here). VHF mixing is therefore an effective method for dynamically controlling the plasma uniformity.
Other methods to control the plasma uniformity
In addition to the methods mentioned above, also many other methods were proposed by means of computer simulations and experiments. For example, Bera et al. 63 demonstrated that the interelectrode gap can be used to control the uniformity in a VHF CCP discharge. At large interelectrode gaps, the EM standing-wave effect is strong, and the plasma density peaks at the chamber center. As the interelectrode gap drops, the electron density increases near the electrode edge due to electrostatic electron heating, which makes the plasma more uniform in the interelectrode region.
Another viable technique to control the spatial structure of VHF CCPs is the use of an inhomogeneous magnetic field. The magnetic field can be used to enhance the plasma density near the electrode edge and to deplete the plasma in the chamber center in a controllable manner. 64 Finally, based on the electrostatic mode (i.e., in a 13.56 MHz CCP), various structured (nonplanar) electrodes, e.g., with rectangular, rounded and triangular trenches, have been proposed and compared by Schmidt et al. 65 The ionization rate can be enhanced in the radial position where the electrode is trenched. Hence, a more uniform plasma can be obtained by determining one or multiple radial position(s) of trench(es) in the electrode. 
IV. CONCLUSIONS
In the semiconductor and flat panel display industries, economic considerations lead to increasing substrate sizes to reduce the production costs and to increase the process throughput. Simultaneously, higher frequencies are applied to obtain a higher plasma density as well as a higher etch or deposition rate and lower dielectric damage. When a large substrate size is combined with a high excitation frequency, EM wave effects could be the dominant factor in determining the processing uniformity in plasma processing equipment. In this situation, when the excitation wavelength k in the plasma becomes comparable to the electrode radius, and when the plasma skin depth d becomes comparable to the electrode spacing, capacitive discharges cannot be described by the electrostatic model, and the full set of Maxwell's equations rather than Poisson's equation should be solved to address the EM effects.
These effects have been studied by using analytical EM models, 6, 20 a more self-consistent transmission line approach, 19, 23, 25 numerical simulations, 15, 17, [26] [27] [28] and experiments. 9, 10, 36, 37 The three main EM effects, compromising the plasma nonuniformity, are the standing wave effect, the skin effect and the edge effect. Based on these three EM effects, especially the standing wave effect, several researchers have proposed, based on theory, modeling or experiments, effective methods to suppress the EM effects and to improve the plasma uniformity. These methods include the use of electrodes with a special shape, such as lens-shaped electrodes, stepped electrodes, multiple electrodes, graded conductivity electrodes and segmented electrodes, as well as control of the external source parameters, such as the phase shift between the two applied frequencies, the external circuit, multiple VHF sources and so on. The effectiveness for some methods, such as the lens-shaped electrodes and the phase shift control, have been confirmed by experiments within a specific range of external parameters; however, some of these methods still remain to be tested in laboratory plasma reactors or in real process plasma reactors.
V. OUTLOOK
Although the theoretical models, numerical simulations and experimental diagnostics exhibit their respective advantages in the characterization of the EM effects, the results predicted by different methods are conflicting. For example, under similar external parameters, the plasma-induced wavelength predicted by the modelings in Ref. 17 is much smaller than that in Ref. 15 . So, some simulation (or theory) results need to be further verified by the experiments, and a comparative study between simulations (or theory) and experiments is essential. However, at high frequencies, the actual power dissipated in the plasma may be much lower than the "nominal" power, which can make the comparison difficult. In addition, in order to better understand the underlying physics, i.e., the electron stochastic heating and some other effects related to the EM effects, an even more thorough examination of the 2D systems must be based on the coupling of the 2D fields and 2D PIC simulations.
There must be many additional effects when a low frequency is used. The low frequency can compress the bulk plasma and cause the bulk plasma to oscillate more intensively between the electrodes on a timescale that is long compared to the wave propagation timescale of the high frequency. Therefore, the resistance of the bulk plasma and the propagation of EM waves would change during the LF oscillations. Hence, the spatial profile of the power deposition determined by the EM effects is modulated by the low frequency.
In plasma processing, complex gas mixtures, which may imply a large fraction of negative ions in the plasma, are typically employed. The decay of the electrons in electronegative discharges causes a change in the spatial dependence of the conductivity, and thus, it can affect the propagation of waves in a subtle manner. The radial profile of the voltage in turn affects the local electron density and thus the electronegativity. Thus, a systematic study on the impact of the electronegativity on the EM effects is of fundamental and practical importance.
Finally, pulsed-modulated plasmas have been proven to demonstrate several advantages compared to continuous wave plasmas in etch processing. However, some issues associated with the use of pulsed modulation are still not clear, e.g., how do the modulation parameters (type of pulsing, pulsing frequencies, duty ratios, etc.) influence the EM effects and consequently the plasma uniformity, how will the space-and time-dependent plasma parameters look like in a pulsed plasma when the EM effects are significant, etc. All these issues should be addressed in the future.
In addition, some simulations or experiments predicted that the plasma density radial profile caused by the standing wave effect exhibits a strong dependence of the external parameters (i.e., driving frequency, applied voltage, and gas pressure), and this provides new challenges for the previously proposed methods of solving the uniformity problem, i.e., some existing methods for improving the uniformity should be re-examined or fine-tuned. For example, the Gaussian-shaped electrode is intuitively proposed based on the fact that the plasma density would monotonously decrease with radial distance, and thus, the method may become invalid when the standing wave effect presents a multinode structure, as shown in some experiments. 18 We may conclude that each method for suppressing the plasma nonuniformity has its own limitations, and only works well within a certain parameter range. In other words, one single method may not be enough to obtain a satisfying plasma uniformity in a complex industrial system; hence, a combination of different methods, e.g., a combination of a special shaped electrode and control of the external source parameters, is expected to be necessary in practical industrial chambers.
